Introduction
In this study we examined the effect of land use and associated changes in stream habitat 89 characteristics on the biodiversity and community structure of fish communities in the Pannon 90 Biogeographic Region, Hungary. We were especially interested in quantifying to what extent 91 the a priori categorisation of land use can explain the diversity of stream fish communities. 92
Our questions were as follows. 1) Do the environmental characteristics of streams differ 93 among protected, agricultural, and urban stream habitats, and if so, what are the most 94 important environmental variables that differentiate land use types? 2) How do alpha and beta 95 diversity of fishes differ within and between land use types? 3) How non-native fishes 96 influence patterns in alpha and beta diversity within and between land use types? 4) Which 97 environmental variables are likely to be most responsible for shaping the biodiversity and 98 community structure of fishes in this landscape? 99
We predicted that differences in land use would induce changes in the environmental 100 characteristics of streams, which would subsequently lead to differences in the diversity and 101 structure of fish communities. We expected that both the alpha and beta diversity of native 102 fishes would be highest in protected, relatively natural sites, intermediate in agricultural sites, 103 and lowest in urban sites (Kennard et al., 2005; Scott, 2006; Trautwein et al., 2012) , due to 104 increasing perturbation effects and, consequently, homogenisation of habitat structure (Scott, 105 2006; Hermoso et al., 2012) . We also expected that natural stream conditions would make the 106 habitat more resistant to invasion (Marchetti and Moyle, 2001) , and that protected status 107 would ensure the preservation of natural stream habitats to some degree. Water storage 108 reservoirs and fishponds are common in this region and are utilized in agriculture; they have (highest mountain peak is only 1014 m). The dominant land use type in the catchments is 124 arable fields, with vineyards, orchards, pastures, and managed deciduous forest forming a 125 smaller proportion. 126
We selected 75 sampling sites in total for this study, using geoinformatic maps. In selecting 127 the sites we applied the following criteria: (i) all stream sites should be wadeable (2 nd and 3 rd 128 order streams), and be situated below 300 m a.s.l. to decrease the effect of natural 129 environmental variability as much as possible; (ii) the 25 sites selected as samples of 130 protected land use type should be part of the protected area network of Hungary (i.e. either 131 belong to national parks and/or form part of the NATURA 2000 network); (iii) the 25 sites 132 selected for the agricultural land use type should be situated in catchments where agricultural 133 land use exceeds 70%; (iv) the 25 sites selected for the urban land use type should be situated 134 close to the centre of settlements (villages and cities with less than 250,000 inhabitants); (v) 135 all sites should be located within a reasonable distance from the nearest road for accessibility. 136
Of the 75 selected sites we actually sampled 62 stream sites. Of these, 21, 20, and 21 sites 137 represented protected, agricultural, and urban land use categories, respectively, the remainder 138 could not be sampled due to desiccation, problems with accessibility, or other logistical 139 constraints. 140 141
Environmental variables 142
Basically, we followed the methodology of Erős et al (2012, 2017) for characterising the 143 environmental features of the sites, which will be reiterated here briefly. Altogether 10 144 transects were placed perpendicular to the main channel at each sampling site (150 m long 145 each, see below) to characterise physical features of the environment (see Appendix I). 146
Wetted width was measured along each transect. Water depth and current velocity (at 60% 147 depth) were measured at five equally spaced points along each transect. Visual estimates of 148 percentage substratum cover were made at every transect point as well (see Appendix I for 149 categories). Percentage substratum data of the transect points were later pooled and overall submerged, floating) and periphyton coverage (macrophyte types) was also estimated visually for each transect points and later pooled, and overall percentage of macrophyte categories 153 were calculated for each site. Water temperature, conductivity, dissolved oxygen content, 154 TDS, and pH were measured with an YSI EXO2 multiparameter water quality sonde (Xylem 155 Inc. NY, USA) before fish sampling, and the content of nitrogen forms (i.e., nitrite, nitrate, 156 ammonium) and phosphate were measured using field kits (Visocolor ECO, Macherey-Nagel 157
GmbH & Co. KG., Germany). Percentage coverage of vegetation at the stream margin (i.e. 158 along a ~ 10 m wide strip in both sides) was estimated visually distinguishing herbaceous and 159 arboreal categories. Altitude was measured in the field using a GPS device (Garmin Montana 160 650). The coefficient of variation (CV) of depth, velocity, and width data were also calculated 161 to characterise instream habitat heterogeneity. Finally, we calculated both substrate and 162 macrophyte diversity as the Shannon diversity of the proportion of different substrate and 163 macrophyte types, respectively. We used these variables as these provide meaningful substrate and along the bank. Nevertheless, k-means analysis showed that consistency 229 between the a priori and the a posteriori land use classification schemes was only moderate. 230
The percentage of correct allocations was 52.4%, 70.0%, and 33.3% for the protected, 231 agricultural, and urban classes, respectively. Overall, these results indicate that land use 232 separate streams to some degree based on their environmental characteristics. However, 233 between-stream variability is high, and it can be comparable to land use type level differences 234 in case of many streams. 235 236
Land use effects on fish communities 237
Species richness was highest in protected sites and lowest in urban areas (Fig. 2 ). This pattern 238 did not change with the removal of non-native species from the community (i.e. at the native 239 community level). However, as predicted, the absence of non-natives caused the largest 240 change in the species richness in agricultural areas compared with the richness at the entire 241 community level. The general linear models showed that the relative abundance of non-242 natives (p<0.001), altitude (p=0.001), agricultural land use (p=0.004), pH (p=0.020), water 243 velocity (p=0.027), and, albeit marginally, the number of non-native species (p=0.041) were 244 the most important variables determining the number of native species in the studied land type F=2.439, p=0.008) and relative abundance ( Fig. 3b; F=1 .763, p=0.013) differed significantly 248 among land use types. However, visual examination of the results and the F and p values 249 indicated that overall difference in community structure was low. In general, streams in 250 protected areas could be characterised mainly by native fishes (e.g. chub Squalius cephalus, 251 spirlin Alburnoides bipunctatus) while the abundance of the non-native gibel carp (Carassius 252 gibelio) and stone morocco (Pseudorasbora parva) increased in both urban, and, especially 253 agricultural areas. Calculations based on k-means analysis showed that the percentage of 254 correct allocations was 52.4%, 50.0%, and 38.1% for protected, agricultural, and urban land 255 types, respectively, for composition (presence/absence) data. The corresponding values were 256 52.4%, 40.0%, and 47.6% for relative abundance. These results on patterns in beta diversity 257 supported the findings of stream environmental data and showed that between-stream level 258 variability in a single land use type can be comparable to that among type level differences in 259 the case of most streams. 260
Variance partitioning analysis in RDA indicated a relatively low level of predictability of fish 261 community structure based on environmental and spatial data. The pure environmental (adj 262 R 2 =0.238 p<0.001), pure spatial adj R 2 =0.061 p=0.131), and shared environmental and spatial 263 variables adj R 2 =0.034 p=0.013) explained 23.8%, 6.1%, and 3.4% of the variance in the data, 264 respectively, whereas 66.7% of the variation remained unexplained. The first axis of the 265 environmental RDA was influenced by altitude, substrate composition (especially, the ratio of 266 stone or silt), and the percentage of total plant coverage (i.e. plant free space), whereas the 267 coefficient of variation in water velocity and the percentage of emergent macrophyte coverage 268 were the main determinants of community structure along the second axis ( Fig. 4) . Variance 269 partitioning analysis conducted separately for each land use type suggested approximately the 270 same amount of explained variation in case of each land use type (Table 2) . However, the 271 relative role of environmental (E) and spatial (S) variables differed ( Table 2) The diversity and community structure of stream fishes varied largely within the a priori characteristics and fish community structure were comparable to between-type level changes 279 in the case of many streams. These results show that markedly different land use categories 280 (i.e. protected, agricultural, urban) are not a reliable indicator of fish community structure in 281 streams. Rather, a more in-depth analysis of the environmental characteristics of streams is 282 needed to disentangle changes in stream fish diversity in modified landscapes. 283
As expected, streams in protected areas generally contained more native fishes and were less 284 affected by non-natives than agricultural and urban streams. Streams in protected areas also 285 showed some differences in the composition and relative abundance of species. These 286 differences could be attributed to differences in the environmental characteristics of the 287 streams among the land use types. For example, Erős et al (2012) showed that even subtle 288 differences in altitude could induce changes in fish community structure that are comparable 289 to human alteration effects. Streams running through protected areas were more common at 290 higher altitudes, and species that are more common in highland streams (e.g. chub, spirlin; see 291
Erős, 2007) were more abundant in these streams than in agricultural and urban landscapes 292 ( Fig. 3b ). Nevertheless, CAP and k-means analyses indicated that many streams in protected 293 areas had similar environmental features to those of agricultural or urban streams, and 294 correspondingly, their fish communities were also relatively similar. The results of the k-295 means analysis are especially interesting since they showed that only half of the streams 296 (52.4%) were allocated to the protected type appropriately, based on environmental or fish 297 community characteristics of the streams. These results deserve the attention of conservation 298 management in that (i) the land's protected status is only a very crude indicator of the 299 naturalness of its streams and (ii) the potential of agricultural and urban streams to maintain 300 fish diversity can be comparable to those of protected areas. Our results, coupled with those 301 from other biogeographic regions, thus emphasise the need for a more thorough consideration 302 of even intensively managed areas in conservation design in human dominated landscapes 303 analysis indicated that between-stream environmental variability and, consequently, fish streams in urban areas were ordered along a long environmental gradient (Fig. 1) . They instream and along the bank) to stream sites which showed the features of typical agricultural 314 and, albeit in lower portion, of protected streams. 315
Conversely, agricultural streams were more homogenous than urban and protected streams, at is not surprising that non-native invasive fishes were more abundant in these stream types 335 than in streams which run in relatively remote protected areas. 336
Variance partitioning in RDA showed the overarching role of environmental gradients over 337 spatial effects in shaping fish community structure, both in global analysis (Fig. 4) and when 338 the relative role of environmental and spatial effects were examined separately for each land 339 use type, with the exception of urban streams (Table 2) . Interestingly, fish community and 340 environmental variable correlations were almost completely independent of land use type, 341 which is well indicated by the dispersion of stream types in the ordination diagram (Fig. 4) . 342
Specifically, while agricultural and protected streams separated along the first RDA axis to emphasise that a mixture of environmental variables shapes fish community patterns 346 relatively independently of land use management. Case studies show that natural 347 environmental gradients can affect stream communities more than land use management (e.g. vegetation, and its associated siltation effect, was the most influential gradient ( Fig. 1 and 4) . Maintenance of riparian woody vegetation (i.e. native trees along the stream margin) would 359 thus be critically important to keep stream ecosystems in a more natural condition, 360 independent of land use type (see also Lester and Boulton, 2008) . 361
Overall, these results seemingly contradict some former studies that found a relatively strong 362 effect of land use on stream biodiversity (Hardling et al., 1999; Allan, 2004; Weijiters et al., 363 2009 ). However, we would like to emphasise that only the rough scale categorisation of land 364 use (e.g. to agricultural or urban types) in itself proved to be inadequate for predicting stream 365 (fish) biodiversity. Land use clearly had a fingerprint in the studied system, too. In fact, 366 streams may undergo a variety of land use effects while flowing through the landscape and 367 such effects cannot necessarily be directly connected to any single land use type. For 368 example, streams located in protected areas may exhibit different levels of degradation or 369 urban streams may have different levels of agricultural influences or riparian and within-370 stream habitat structure. This within-type variability may explain why quantitative 371 environmental gradients explained some patterns better, seemingly independently of land use 372 type; this is in contrast to terrestrial systems, where even the rough scale categorisation of 373 land use proved to be a good predictor of biodiversity (Batáry et al., 2007; Ernst et al., 2017) . 374
Besides environmental effects spatial variables also influenced fish communities to some 375 degree. In fact, spatial variables were more predictive for urban communities than 376 environmental ones. This result is surprising since urban sites were not closer to each other than site distances within agricultural or urban stream types. This finding thus warrants 378 further, more detailed elucidation of coupled stream network structure and land use effects. 379
In conclusion, a variety of environmental gradients influence fish community structure in a 380 complex manner in this landscape, which is also influenced by spatial drivers. Non-native 381 fishes modify the structure of native fish communities, although the effect of their 382 modification varies more among individual streams than among land use types. Results 383 suggest that even intensively used areas (i.e. agricultural and urban streams) can contribute to 384 the maintenance of fish diversity in this biogeographic region, or at least their potential can be 385 comparable to those streams which flow in protected areas. Thus, conservation management 386 should focus on maintaining streams in more natural condition in protected areas and/or use 387 the potential of non-protected agricultural and urban streams in maintaining fish diversity in 388 human-modified landscapes. 389 390 
